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Establishment of The Feasibility of A Process
Capable of Low Cost, High Volume Production of Silan:, 3iH,

UNION CARBIDE CORPORATION
SISTERSVILLE, WEST VIRGINIA

W. C. BRENEMAN
J Y. P. MUI

ABSTRACT

The study of a process for the low cost production of
silane included laboratory investigations of the kinetics of the
redistribution of dichlorosilane and trichlorosilane vapor over
a tertiary amine ion exchange resain catalyst. The hydrogenation
of SiCls to form HSiCls and the direct synthesis of H2SiCl. from
HCl gas an metallurgical silicon metal were also studied. The
purification of SiH, using activated carbon adsorbent was studied
along with a process for storing SiH. absorbed on carbon. The
latter makes possible a higher volumetric efficiency than the
current practice of compressed gas storage.

The mini-plant designed to procduce ten pounds per day
of SiH, is nearly complete, a detailed description of the unit
and its essential design features is given.
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INTRODUCT ION

This research program commenced October 6, 1975. 1Its
purpose is to determine the feasibility for the high volume, low
cost production of silane (SiH.) as an intermediate raw material
for solar grade silicon metal. The process to be investigated
is based on the syrthesis of SiH, by the catalytic redistribution
of chlorosilanes. The goal is to demonstrate the feasibility
for a large scale production cost of under $5.00 per kilogram
of SiH..

Prior to this program Union Carbide haos shown
experimentally that pure chlorosilanes can be redistributed
into an equilibrium mixture of other hydrochlorosilanes by
contact with a tertiary amine ion exchange resin. Patent
rights for this process and improvements there on have been
filed.

In the previous Quarterly Report, the equilibrium
composition and kinetics of the vapor phase redistribution of
dichlorosilane catalyzed by a macroreticular tertiary amine
functional i1ion exchange resin were determined over a temperature
range of 50 to 80°C. At 80°C, for example,the effluent vapor
contained 14 mole percent SiH¢ at equilibrium while the time
to reach 50% of that value was 0.25 seconds. Also studied was
the hydrogenation of silicon tetrachloride to trichlorosilane.
The results of that study indicated steady state levels of
15 to 22% trichlorosilane. Thus, with a means to ccnvert silicoa
tetrachloride to trichlorosilane coupled to a redistribution
sequence, a closed loop manufacturing sequence is possible to
produce SiH, from hydrogen and silicon metal tG wit:



2 H: + Si + 3 8icl. 22C & 4 Hsicl,

Cu
4 Hsicl, Redistributicn . 5 y.gic1, + 2 sicl.
2 H,SiCl, Red15tr1but10n44€>SiCl“ + SiH.

The design of a pilot scale plant for the production

silane from dichlorosilane was completed and installation initiated

This unit features internal recycle of by-product H2SiCl and

unreacted H.SiCl., an on-line chromatograph sampling system and

a purification section for removing traces of chlorosilanes

from the product SiH, while not requiring ultra-low temperature

refrigeration.



DISCUSSION

I. Laboratory Investigations

A. Disproportionation of H2S5iCl=. to SiHa.

In checking out the yield of SiH, obtained by the dispro-
portionation of H.SiCl. over the same 10 g A-21 resin catalyst used
in previous experiments,' a drop in the SiH. production rate was
noted. This prompted a study on the catalytic activity of the
A-21 resin over long periods of disproportionation reactions. The
disproportions ion of H,SiCl, was repeated under the same experimental
conditions with the same 10 g A-21 resin bed as reported in previous
experiments. Results were summarized in Table I. Experiments 1, 2,
4, 5, 7 and 8 in Table I summarized the SiH, production rates and
product compositions before and after about three months of operations.
At low HSiCl. feedrate, 250 cc/minute, run number 1 and 2 showed
little or no differences in SiH, production rate and SiH. yield in
the product mixture. However, at higher H.S1Cl: feedrate, 500 cc/
minte and 1000 cc/minute, a significant drop in SiH, production
.ate and SiH, yield was noted in run number 4, 5, and 7, 8. It was
generally believed that the amine hydrochloride was the true
catalyst for the disproportionation of hydrochlorosilanes. In the
case of A-21 resin, the dimethylamine hydrochloride was bonded to
a polystyrene resin support through a phenylethyl linkage. Amine
hydrochlorides were known to dissociate at elevated temperature
to freeamine and HCl, viz., equation (1)

Me Me
A
CHzCHz@N‘HCl = CH2€H2© N + HCl (1)
Me Me



HCl might be gradually eluded from the A-21 resin bed. Since the
free amine was known to be a poor catalyst for the dispreoportionation
reaction, the lowering of the A-21 resin catalytic activity could
be attributed to the loss of HCl. To test this hypothesis. the

10 g A-2] resin was treated with a 50:50 mixture of HCl and nitrogen
at a constant flowrate of 500 cc/minute for a total of 10 minutes.
Then,; the same disproportionation reaction of H.SiCl. was repeated
under the same experimental conditions with the HCl-treated A-21
resin. Results of these experiments were given in run number 3, 6
and 9 in Table I. Data in Table I showed that the catalytic
activity of the HCl-treated A-21 resin had indeed increased
substantially. Both the SiH., production rate and SiH. yield in

the product mixture were increased, compare run number 5, 6, and

8, 9 in Table I. However, in comparison with the rate data cbtained
three months ago, the HCl-treated A-21 resin still showed a lower
catalytic activity; especially at high H.SiCl. feed. For example,
at 1000 cc/minute of H.SiCl. feed, the HCl-treated A-21 resin

showed a definite drop of catalytic activity from what it was

three months ago, viz., run number 7 and 9 in Table I. One plausible
explanation was that, in additior to chemically bonded amine, the
A-2]1 resin also contained some free amine which was physically
adsorbed onto the polystyrene resin support. This volatile amine
and its amine hydrochloride mih“ be skwk) eluded from the A-21

resin bed after prolong operations. As a result, the reduced
catalytic activity of the A-21 resin could be explained. The
lowering of the A-21 resin catalytic activity due to the loss of

HCl as illustrated in equation (l; could be readily restcred by
simply adding HCl gas to the resin bed. However, *he lowering

of the A-2]1 resin catalytic activity due to the loss of free amine
hydrochloride cculd not be as conveniently restcred. Nevertheless,
even with this somewhat reduced A-21 resin catalytic activity, the
rate of the disproportionation of H,S5iCl, to SiH, was still very
high. A detailed study on the mechanism of the disproportionation
reaction is plannred.
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B. Disproporation of HSiCl; to F_,SiCl.

The initial phase of the "mini" plant at Sistersville,
West Virginia to manufacture SiH. will be using dichlorosilane
as raw material. The final phase of the "maxi" plant will use
trichlorosilane as the source of SiH . Although the liquid phase
disproportionation of HSiCls; to make H2SiCl: was well-known, the
vapor phase disproportionation of HSiCls might have some merits.
Furthermore, comparison of the rate of disproportionation of
H.SiCl, with that of HSiCls could provide useful information
on the mechanism of the disproportionation reactions.

The disproportionation of HSiCls was carried out at 60°
in the same apparatus as described in previous experiments. The
disproportionation of H.SiCl. was first carried cut to provide
a reference standard on the reactivity of the 10 g A-21 resin
catalyst. Then, trichlorosilane vapor was fed into the same
resin bed and the rate of reaction was measured.

A method of feeding an accurate, constant flow of liquid
into a reactor was described in Figure 1. Trichlorosilane
(bp 31.9°) was placed in a dropping funnel equipped witi a burette
gide arm, a filter disc and a Teflon stopcock. The flow of
HSiCls liquid was controlled by a capilliary tubing, which was
described mathematically by the Law of Poiseuille,

where V = voiume of liquid escaped in time t
p = pressure difference between two ends of the tube
Y = radius
1 = length
n = viscosity of the liquid
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Since V, 1, n remained constant, the flowrate, V/t, of HSiCl,
was directly proporticnal to pressure p. Thus, a constant
flowrate of HSiCl; could be readily achieved by maintaining

a cons. .. “easure head over the liquid. A convenient

metht to cr¢ :e a constant pressure of nitrogen gas was
obtained by bubbling dry nitrogen into a column of mercury

as shown :n Figure 1. The flowrate of HSiCl; could be

changed and adjusted by varying the nitrogen pressure from

0 to 10 psig by imoving the mercury reservoir upward or down-
ward. The flowrate of ESiCl,; was measured and checked by
closing the Teflon stopcock. The time required for the liquid
level in the burette side arm to travel one unit volume between
two markings was recorded and the HSiCl, flowrate was calculated
in cc/minute. By this method, {he HSiCls flowrate could be
kept constant for long periods of time with high accuracy, for
example 1.00 %0.02 cc/minute. By a combination of nitrogen
pressure and capilliary tubing size, flowrates of HSiCls

from 0.25 to 5.0 cc/minute could be readily provided. The
liguid HSiCls coming out of the capilliary tubing was vaporized
ir a preheater and then fed into the A-21 resin bed reactor.

A series of experiments on the disproportionation
of HSiCl, was carried out at 60° and at atmospheric pressure.
Results were summarized in Table II. Data in Table 1I showed
tnat the rate of disproportionation of HSiCl; was much slower
than that of E.5iCl: under the same experimental condaitions.
For example, over 50% of H.SiCl. were reacted in 1.8 seconds
residence time in the A-21 resin bed in comparison with only
5% HSiCls disproportionation in the same residence time. In
3.6 seconds, the H.Sil.i. disproportionation reached equilibrium
to vield 14% SiH., which was the equilibrium concentration of
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SiH, observed previously. In the case of HSiCl, disproportiocnation,
the yield of H.SiCl. was about 3% which was far from the equiiibrium
concentratior of about 10% H.S:1Cl.. Extrapolation of the rate

data on the disproportionation of HSiCl, in Table II gave approxi-
mately 15 to 20 seconds residence time which might be required to
reach equilibrium concentration of 10% H.SiCl.- Thus, the rate

of disproportionation of HSiCl; i1n the vapor phase was faster than
that of the same disproportionation reaction of HSiCl: in the

liquid phase which required ahout 1 to 2 miautes to reach equilibrium.
However, the throughput in a liquid phase disproportionation

would be much higher than that of a vapor phase disproportioration
through a given A-21 resin bed, since the liquid density was

about 200 times the vapor density. 1In conclusion, there appeared

to be no advantsges to perform the dispricportionaticn of trichloro-
silane in the vapor phase. The rate data on the disproportionation
gave the following order of reactivity,

HgSlCl > HleClz > HSJ.Clg

C. Purification of SiH.

Th2 only major impurity in Si1H, prepared by the dispro-
portionation reaction would be chloros:ilanes such as H:;SiCl.
Although most chlorosilanes; in the product mixture would be removed
by physical m=2ans such as distillation and condensation by cold
trap or low temperature scrubbing, the trace amount of remaining
chlorosilanes could be co>rvcniently removed by adsorption with
activated carwon as proposed by W. C. Breneman. Sistersville
has selected the commercial Pittsburgh Activated Carbon Type OL
for the mini-plant co ake sclar grade SiH.. The following
experiments were cirried out to test this material for the
purification of SiH..

10



The apparatu- for the purification of SiH. was
schematically shown in Figure 2 attached. As shown 1in Figure 2
the crude SiH. coming from the disproportionation of H,SiCl:
through a dry-ice cold trap at -78° could be directed by the
3-way stoprock either to the in-line gas chromatograph or to
the activated carbon column (1.5 cm x 15 cm weighed 10 grams).
The purified SiH, coming out of the activated column could be
readily analyzed by the in-line gas chromatograph. The crude
SiH., was produced at a constant rate of 64 cc/minute by minute
by feeding 500 cc/minute of H2SiCl. into 10 g of A-21 resin at 81°.

The SiH. crude coming out of a dry-ice cold trap at
-78° was analyzed several times during the course of the experiment
to give an average composition of:

SiH, H.SiCl H.S1Cl. HS1Cls
Mole, % 97.9 1.88 0.22 0.03
Weiyht, % 95.4 3.80 0.67 0.12

The crude SiH., contained 4.59% by weight of chlorosilanes which
is probably tco much from a process point of view, Hecwever,

the crude SiH, was well-suited for experimental purpcses. The
crude SiH, was fed .nto the activated carben column. The
composition of the crude SiH. and the purified SiH. were analyzed
by the in-line gas chromatograph during the course of the experiment.
Results were summarized :n Table III. Data in Table 111 showed
that the activated carbon eflectively .«moved the chlcrosilanes
in the crude SiH, to a level beycnd the iimit of detection of

the gas chrematograph instrument The limit of detection was
about 5 prm. A plot of residual chlorosilanes i1in the pur:i:fied
Si", versus weight percent of chloros:lanes adsorbed cn the

11
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activated carbon was shown in Figure 3. Tie data points for ND
were arbitrarily plotted at 2.5 ppm in order to show continuity
of the graph. As shown in Figure 3, a sharxp rise of residual
chlorosilane occurred at about 11% by weight of chlorosilane
adsorbed on the activated carbon. In othsr words, 100 g of
activated carbon type OL could effective.y remove about 11 g

of chlorosilanes from the impure SiH, w»i.e maintaining the
residual chlorosilanes in the purified SiH. at a low level of,
say, less than 10 ppm. It was noted that wher SiH. was passed
into the activated carbon bed, the carben column immediately
became hot. A close examination of this p ienomenon showed

that the source of heat appeared to ve gar :rated from the reaction
of SiH, with impurities adsorbed on the ac:tivated carbon, e.g.,
water and oxygen. When a fresh sample of 10 g activated carbon
Type OL was dried at 200° in a stream »f 75 cc/minute of dry
nitrogen for 1 hour, water was liberated from the carbon (about
0.3 g H20). The heat-treated activated carbon did not generate
significant amount of heat in contrast -0 the untreated material
when SiH, crude was fed into purification column. The experiment
was cuntinued and the purity of SiH., coring out of the purifier
was analyzed. Results were summarized .n Table IV. Data in
Table 1V showed that the heat-treated activated car*.n effectively
rer.oved chlorosilane impurities as previoucly reported. These
data readily defined the effectiveness as well as limitation of
this activated carbon for the purification »f SiH,.

Attempts were made to regenerate the spent carbon column
by heating. An electric heater was placed arnund tie¢ carbon column.
It was heated to a selczcted temperature while drv aitrogen gas
passed through -t about 75 cc/minute. Three temperatures, 150°,
250°, and 330° were selected for the experxi 2nt. The treated
carbon column was cooled to room temperature and tested with the
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same SiH. crude. Results were summarized in Table V. Data in
Table V showed that the spent activated carbon could not be
regenevated to its original activity. As shown in Table V, heat
treatment at 150° and 250° was not effective at all. At 350° for
1 hour, the heattreated carbon column showed less than half of
its original adsorbility. It appeared that some of the chloro-
silanes were irreversibly adsorbed on the carbon surface. In
conclusion, activated carbon was an effective adsorbent to remove
chlorosilane impurities from SiH.. The activated carbon should
be tested for adsorbed impurities prior to use. As in the present
study, substantial amount of water and heat were generated when
SiH, crude was passed into an untreated activated carbon column.
This could Le a serious problem in large scale operations.

D. Hydrogenation of SiCl, and The Direct Synthesis of H.SiCl,
The hydrogenation of SiCl, to HSiCl; was briefly studied

and reported previously.® Temperature profile measurement along
the Cu/Si mass bed in this reaction,

35iCl. + Si + 2H, S 4 HSicl, (2)

showed a mild exotherm at the top of the fluidized bed reactor
(AT ~10°).

In order to understand the reaction mechanism, it was
necersary to study the qual y of fluidization and the heat
transfer characteristic of . he ¢ =-inch laboratory fluidized bed
reactor used in these experaiments. The well-known HCl + Si
reaction was chosen as a model reaction. It is a facile reaction
and is strongly exothermic, which was well-suited for this purpose.
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The HCl + Si reaction was carried out at 320° with $00
cc/minute of HCl feed. Temperature in the Si mass bed was
measured by thermocouples located at various heights of the bed.
The first experiment was carried out with equal settings on
the electric heaters in the heating jacket to provide uniform
heating and cooling along the fluidized bed reactor. After 30
minutes of reaction, temperatures along the Si mass bed were
measured and plotted against the bed height as shown in Figure 4.
The graph in Figure 4 showed that during the HCl + Si reaction,
the bottom of *he Si bed was much hotter than that at the top
with a temperature spread of about 100°. This temperature profile
could be readily explained by the facile, strongly exothermic
HC1l + Si reaction which occurred mostly at the bottom of the
fluidized bed.

In order to compensate for the large temperature deviations
in the HC1l + Si reaction, the electric heaters in the heating
jacket were reset to give a lot more heating at the top and verv
little at the bottom of the reactor. The temperature profile of
the heating jacket was shown by the dotted line --+4J--- in
Figure 5. At these settings, the top of the mass bed was at about
400° while it was less than 100° at the bottom. Then, the Si1
metal was fiuidized with 900 cc/minute of nitrogen gas, which
corresponded to zero heat of reaction. The temperature profile
of the Si mass bed while fluidized with nitrogen was shown by
the dotted =--©--- line in Figure 5. Interestingly, fairly
uniform temperatures along the Si mass bed resultsd despite a
300° temperature spread along the heating jacket. Thus, the mixing
of Si mass in the reactor was suprisingly good in such a small
diameter fluidized bed. Next, the nitrogen gas was replaced with
900 cc/minute of HCl. The temperature profile along the mass bed
during the HCl + Si reaction was shown by the solid —@-——— line
in Figure 5. As shown in Figure 5, uniform temperature along the
Si mass bed as achieved.
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The hydrogenation of SiCl, to HSiCla over a Cu/Si mass

might be looked at as two reaction steps,

(a) a slow hydrogenation step,

3 sicl, + 3 H, SY

> 3 HSiCi, + 3 HC1

followed by a facile reaction

(b) 3 HCl1 + Si S8—s Hsicls + H,

A simple thermodynamic calculation by Dr., J. M. Berty of Union
Carbide gave A H2° = +3.19 k cal/g mole HSiCts; for reaction (3)
and A Hz2° = -51.2 k cal/g mole HS1Cl, for reaction (4). The

(3)

(4)

overall reaction (3) + (4) showed a slightly exothermic reaction

with A H ° = -10.4 k cal/g mole HSi1Cla. Thus, the temperature
profile of the Cu/Si mass bed in the hydrogenation of SiCl, to
HSiCl; might be explained by a slow, slightly endothermic
hydrogenation reaction (3] at the lower part of the reactor
followed by a facile, strongly exothermic reaction (4) near the
top of the mass bed.

Since copper was used as catalyst in these reactions,
it would be interesting to compare the HCl + Si reaction in
the presence of copper with the same reaction in the absence of
copper. The Si + HCl reaction was repeated at 280°. At -his
temperature, only 23% cof the 900 cc/minute of ECl werz reacted
with no copper present. On the other hand, the same reaction
with a Cu/Si mass containing 1% copper catalyst at 280 gave
100% reaction. Thus, copper catalyzeil the HCl + Si1i reaction
as generally believed. An interesting observation was made on
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the direct synthesis of H.SiCl; from the above experiments. When

a fresh Cu/Si mass was reacted with HCl gas at 320°, the trichloro-
silane crude was analyzed for dichlorosilane. Results of these
analyses were summarized in Table VI.

What -5 interesting about the data in Table VI is the
high yield of H.SiCl. during the first few percent of the HCl + Si
reaction. The yvield of dichlorosilane was about 11% at the
first instant of the reaction. The H.Z1Cl. yield dropped off
"apidly. In less than 30 miautes of reaction, the H.SiCl. yield

1s back to che level 1,5% to 2% as previously reported.

E. Miscelianeous Data Collected
l. Stability of H-.81Cl on Storag=2

A sample of H3S1Cl was prepared by cryogenic distillatior
and stored in a stainless steel cylinder fcr calibration purposes.
After two months of storage at rcom temperature, this sample of
monochlorusilane was again analyzed. As the following data
showed, about 10% of the H;S1Cl were disproporticnation to SiH.,
H.SiCl, ard HSiCl: after wtwo months.

component 51H. H3 S1C1 HleClz HSlCl3
Freshly Prepared 0.46 97.13 2.21 0
After Two Months 5.36 78.92 6.50 0.05

2. Calibration of In-line Gas Chromatograph

An electronic 1ntegrator, Model 3380A manufactured by
Hewlett Packard, Palc Altc, Califcrnia, was purchased and installed.
Previouns analysis of gas chiomatcgraphic data was performed by
planimetry which was a time-consuming process. The electronic
integrator much simplified the procedure for data ccllecting
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and saved a great deal of manual lahor. The instrument was
calibrated with a standard mixture of SiH., Hs;S1Cl, H:SiCl., HS1Cl,
and SiCl. in approximately the same molar ratio as obtained in
the disproportionation experiments. A known standard of 13.95%
mole SiH.,, 13.28% mole H5S1Cl, 40.95% mole H.SiCl:., 29.24% mole
HSiCl; and 2.58% mole SiCl, was analyzed by the in-line gas
chromatograph and the peak area calculation by the electronic
integrator gave 7.80% SiH,, 9.67% H,S1Cl, 43 64% H.SiCl., 35.59%
HSiCl; and 3.30% SiCl.. The Response Factor !or Sensitivity
Factor, mole/unit area) were calculated to give: SiH. = 1.79,
H3S8iCl = 1.37, H25iCl: = 0.938, HSiCls = 0.822 and SiCl. = 0.782.
The previously determined Response Factors by planimetry were:
SiHy, = 1.89, H3SiCl = 1.33, H.51Cl. = 0.938, HS1Cls = 0.840

and SiCl, = 0.584. Thus, the two methods of Response Factor
determination were in good agreement with the exception of SiCl..
Because of the small amount of SiCl, in the standard sample,

the peak area measurement for SiCl, by planimetry was done at

a higher (16X) sensitivity scale than all the other chlorosilanes
and SiH.. The non-linearity of the attenuation of scale sensitivity
accounted for the large difference in the Response Factor for
SiCl,.

II. Pilot Piant Studies

A. Mini-plant Construction

The process piping for the dichlorosiiane to silane
mini-plant is 95% complete. At this writing the only lines
remaining are the dichlorosilane feed, the product silane gas
lines to the exterior of the building. and the safety valve

vent lines. The circulating refrigeration system 1s complete
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and has been leak tested. The instrument panel was ccmpleted

and moved into place. The process ccnnections have been made.
All of the instruments have been calibrated and aligned including
the process flowmeters, temperature and pressure sensors, and

the precision micrometer needle valves used on the chromatograph
sampling system.

A pre-start up safety review team has beer. formed
with representation from the Sistersville Plant Engineering,
Production, Safety and Research Department. The task of this
Team, as is required in any Union Carbide facility, 1s to review
the installation and process tc assure that appropriate safety
standards are being met and that especially 1n cases ¢f unique
processing that the facility will operate in a safe manner.

The initial briefing for the Team was held and inciuded a
detailed description of the process, a flow chart review and
site inspection.

Photographs showing the progress of construction are
presentation in Figure 6 thrcugh 9. The instrument panel shown
in Figure 6 has keen laid out to allow for the additional
instruments required for the later inclusicn ot the maxi-plant.
The "erector set" style steel framework is expandable also. The
sampling system panel shown in Figure 7 wi'l connect the individual
sampling points on the process units to the chromatograph which
is within four feet of the area of the photograph. The selector
valves will choose which stream to feed to the chromatograph,
the others wculd then bypass to a vent. The precis.on metesing
valves are used to control the sample flowrate In Figure 8
the condenser details are shcwn. The =ilane still and its
associated condenser system is in the foreground. The vapors
from the top of the still flcw down through the shell and tube
condenser- This will ailow sub-cool ng .f the vapor and increased
purity of the non-condensable SiH.. In the disengaging pot, the
liquid dichlorosilane/monochlorosilane mixture 1s separated from
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the vapor SiH.  Reflux toc the column is controlled by an
electrical timer which alternately supplies 110 VAC power

to the windings of two solenocid valves. Since one valve

is norma ly open, and the cther normaily closed, a flow
switching 1s accomplished to provide either reflux or make.

The monochlorosilane-silicon tetrachloride stripper in the
background of . i14ure 8 is identical to the silane still
configuration. The other feature illustrated in Figure 8 is

the safety relief set up. Each major equipment arrangement
which could be isclated from the rest of the process is equipped
with a safety relief device. This consists of a rupture disc
assembly, a telltale gauge, and a spring loaded relief valve all
in series. The rupture disc is set at the maximum allowable
working pressure of the system (150 psi in thie case). The disc
serves to assure a leak-free system and proper operation of the
relief valve. The gauge is used to verify the integrity of the
disc. (No pressure should be present if the disc is intact.)
The relief valve, alsc set at 150 psi, is used to allow controlled
ralief and prevent suck-back ¢f air after relieving.

In Figure 9, the heart of the circulating refrigeration
unit is shown., The refrigerant, R-11, is circulated by the pump
through coils immersed in a cold bath and then to the individual
condensers. The condenser temperatures are controlled by
electrically operated valves which allcw the refrigerant to
flow through or bypass the condenser. The expansion tank allows
the system to sustain thermal cycling. The cold bath will consist
of a mixture of R~113 (trichicrctrifluoroethane) and ethanol
chilled by dry-ice  This bath is not flammable at room temperature,
does not freeze at -78'C ard has a boiling point of above ambient.
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B. Storage of Silane

On the storage of silane, the feasibility of using
carbon as an adsorbent to lower storage pressure/increase
volumerr:c efficiency was investigated. An apparatus as shown
in Figure 10 was assembled. Two stainless steel, 150 cc
capacity vessels, one completely filled with 62.4 g of dried
carbon were connected in parallel to a source of silane. A
graduated inverted burette immersed in silicone oil was connected
to the system to measure the volume of SiH, which would be
evolved from either cylinder. The carbon was Pittsburgh Type
OL, an acid washed anthracite coal based carbon of high porosity.
(Table VII) The carbon was dried at 200°C and 0.5 mm of mercury
for 24 hours. The silane was electronic grade from Linde
Specialty Gas. After thoroughly evacuating the system with a
pump for 24 hours, silane from the source was allowed to pressurize
both cylinders to 100 psi. The cylinder containing carbon warmed
up from 22° to 29°C. The system was allowed to reach thermal
equilibrium of 22°C. Then the individual cylinders were vented
via the gas burette and the displaced volume and cylinder pressure
recorded. During the desorption, the carbon filled cylinder
did cool off slightly. The desorption was done slowly to allow
approach to thermal equilibrium. Figure 11 shows that at constant
pressure significantly more £iH, can be stored and released from
a given volume when that volume is filled with activated carbon
then when it is not. At 100 psi, nearly three times the amount
of silane 1s available over the normal storage method. Also,
the work required to ~ompress and store a given quantity of
silane is reduced by a factor of three or more. At 100 psig
storage pressure, the "packing density" of silane was 0.0143 g/cc
as the free gas versus 0.0359 g/cc adsorbed on carbon. Samples
of the silane adsorbed on carbon will be analyzed to determine
if a change in trace impurities has occurred. It should be noted
that other types of carbon which may be more effective were not
tested, however, a Japanese patent reference claimed 40 cc SiH,/g
of carbon where as we obtained 70 cc S5iH,/g at the same pressure
(142 psia).®
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TABLE VII

PROPERTIES OF PITTSBURGH ACTIVATED CARBON TYPE OL

Total Surface Area 19700
(N2, BET Method), m?/g

Apparent Density, g/cc 0.45

Particle Density 0.75
(Hg Displacement), g/cc

Real Density 2.2
(He Displacement), g/cc

Pore Volume, cc/g 0.88
Voids In Dense Packed Column, % 40
Specific Heat at 100°C 0.25
Mesh Size, U. S. Sieve Series 20 x 50
Iodine Number <1000
Ash, % <8
Moisture 2

(Typical Commercial Material), %
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C. Design Calculations

1. Silane/Dichlorosilane Still

The redistribution reactor effluent may be assumed to be
composed of equilibrium mixture of silanes. Based on the data of
J. Y. P, Mui, one composition could be:

Mole %
SiH, 8.25
H3SiCl 9.95
H.SiCl. 37.90
HSiCl, 43.70
SiCly 0.2

The separation of this stream into a vapor fraction rich in SiH,,
a liquid fraction rich in H.SiCl. with substantially no LSiCl,

and a second liquid fraction rich in HSiCls; and with substantially
no H.SiCl. is the duty of the silane/dichlorosilane still. To
accomplish this separation it is planned to use a continuous still
which employs a partial condenser whose coolant temperature is
controlled to allow the SiH. rich vapor to escape uncondensed.

In order to re-duce the refrigerant load (SiH, boils at approximately
-112°C at 1 atmoaphere) the .nit will be operated under pressure.
As a preliminary model, 60 psia was chosen. At this pressure,
H2SiCl. boils at 58°C.

To calculate the theoretical plate and reflux ratio
requirements, the recovery of H.SiCl. and HSiCl; must be specified
(other specifications in lieu of these are possible, of course).
The value used in the initial design was a 90% recovery of
H.SiCl. in the distillate, 95% recovery of HSiCl; in the
distilland. Assuming constnat relative volatility of the
components and using the Gilliland correlation, a column of 12.6
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stages operating at 1.55 reflux ratio would achieve the separation.
The assumption of constant relative volatility is not completely
accurate but for a preliminary evaluation it is adequate. The
product stream compositions would be expected to be:

Mole %
Distillate Distilland
SiH, 15.14 0
HsSiCl 18,26 0
H.SiCl. 62.59 L.33
HSiCl, 4.01 91.23
SiCl, 0 0.44

The bubble point and dew point of the distillate at
60 psia were calculated to be =-32°C and +43°C respectively.
To achieve a recovery of SiH, by using a partial condenser to
condense primarily H.SiCl., a 44% recovery of SiH, at a purity
of 67.6 mole percent could be achieved =% -5°C equilibrium
temperature. Higher recovery but at correspondingly lower
purity could be achieved at higher equilibrium condenser
temperatures. Thus the overall column could separate the reactor
effluent into the following streams (Table VIII).

The distillztion unit designed for the silane mini-
plant is l-inch diameter by 54-inches high and is packed with
steel gauze packing with a heicht equivalent to a theoretical
stage of 2 to 2.5 inches or agzproximately 22 theoretical stages.
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TABLE VIII

SILANE/DICHLOROSILANE STILL COMPOSITIONS

Mole %
Distillate
Feed Ligquid Vapor Distilland
SiH, 8.25 9.39 0.676 0
HgSiCl 9.95 18a42 0‘168 O
H2SiCl, 37.9 67.79 0.151 8.33
HSiCl, 43.7 4.39 0.040 91.23
SiClu 0‘2 0 0 0e44
Total Mass 100 40,72 2.69 56.7



2. Absorber

The effluent vapor from the silane/dichlorosilane still
will Le fed to an absorber which uses cold silicon tetrachloride
to absorb the mono- and dichlccosilanes. A calculation was made
using the rathod of Edmister to determine the expected absorber
efficiency under a set of proposed operating conditions. The
design goal was to achieve a purity of silane gas of at least
99 mole percent, using as a raw gas feed a material whose
composition was the same as the vapor distillate in Table VIII.
The chlorosilanes would be absorbed using cold (-40°C) silicon
tetrachloride which contained 2.5 mole percent H3;SiCl. The
vapor and liquid fugacities were assumed to be ideal and the
component erthalp.es as detcrmined from Watson's correlation.
The ra2sult of this exercise was that an absorber which used
one mole of liquid SiCl, per 5 moles of raw gas could achieve
a silane purity of 99.1% in 10 theoretical stages. The liquid,
entering at -40°C would be expected to exit at -5°C. A plot of
the anticipated temperature and composition profile is shown in
Figure 12. The column sp:cified in the des.gn of the mini-plant
is 4-foot high by 1l-inch I.D., packed with 1/4-inch Ceramic Intalox
saddles, this column should be more than adequate for the task.

D. Gas Chromatograph Calibration

The Hewlett Packard Model 5830A reporting chromatograph
was calibrated and programmed for analysis of the hydrochloro-
silane products and intermediates. This instrument will be used
for on-iine sampling and analysis of the various streams in the
silane mini-plant. The chromatograph was fitted with a 12-inch
long x 1/8-inch diameter coiumn packed with 20% dimethylsilicone
on Chromasorb WDMC. A gas sampling valve with a 0.% cc sample
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loop was also installed to allow accurate, reproducible sample
volumes to be injected. The column was conditioned by repeated
injection of a mi:r ture of chlorosilanes over a one week period.
This served to condition the column, check-out system operation
and allow verification of optimal oven temperatures and elution
times to be made. A scan of a typical mixture of the five
silanes HxSiCl.yx(0 < x < 4) is shown in Figure 13. This sample
also contains a small amount of N, and HCl which orginate from
the H2SiCl..

To determine aetector sensitivity, pure compounds were
injected using the gas sample injection valve and the relative
area ccunts obtained. The silane was obtained from Linde
Specialty Gas and had a purity of > 99%. The monochlorosilang
was cobtained from a sample distilled by J. Y. P. Mui and was
88.5% pure. The dichlorosilane was obtaired from typical
commercial material at this site and was 97.2% pure. The silane,
moncchlorosilane or dichlorosilane were each injected as a gas
at atmospheric pressure via the gas cample valve. Since the
sample size was constant, equal number of moles of e..ch component
was used and thus the area count was a direct measure of detector
sensitivity. A purity ccrrection for each component was made by
dividing the area count of the pure component by the area percent.
Since the least pure sample, H3SiCl was still 88.5%, the maximum
error introduced here would be less than 12% even if the
sensitivities of the other materials were vastly different from
H3SiCl. The relative response factors for SiH., HiSiCl and
H2SiCl. were found by dividing the areas by the area for H.SiCl..
Actually the inverse or moles per area is required in the cuaromato-
graph's computar so those values were then inverted. The values
are:
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Moles/Area/Area of H2SiCl,

SiH. 1.467
HsS.Cl 1.258
H.58iCl. 1.000

The factors for HSiCl, and SiCl, were determined by preparing
a weighed mixture of liquid H,SiCl,, HSiCl, and SiCl, all of
which were individuaily 98+% pure. The liquid mixture was
injected (5 u liters) and the area response measured. The
relative response factors were then determined to be:

H2SiCl. 1.000
HSiCl, 0.7454
SiCla 0.5078

A plot of response factor versus Cl atoms is shown in Figure 14.

E. Economic Analysis of Silane Process

A block diagram and material balance for a silicon-to-
silane facility with recycle of SiCl. is shown in Figuvre 15,
The kasis for the recycle streams is for 100% efficiency in
the redistribution reactions, 2% loss of hydrogen per pass
through the hydrogenation unit, 90% silicon efficiency and
essentially complete separation of trichlorosilane from SiCl,
in the dichlorosilane reactor section. The subsequent Figures
16 through 18 show a breakdown of the process blocks and the
additional recycle process streams. Computer modeling of the
various stills is in progress to determine process energy
requirements.
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FIGURE 15

UNION CARBIDE CORPORATION

SISTERSVILLE PLANT
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FIGURE 16
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FIGURE 17
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SISTERSVILLE PLANT
oatre 1-15-76 ¢ aeciDichlorosialne From Trichlorosilane gueer no.

DATE

ersd (9 ersd ¢9

w sadeis g7 sadel1s ¢¢
o TIILS ANVIISOYOTIHOIA T1I1S ANVIISOYOTHOIYL
INV'Id ANVIIS 8660 89%° 8
NO¥d > "I01S €IDTSH o 71 Ji 6°001
“ AN = 101

o . .

z - 99° LT $g-z1l NOI LVNIOOYAXH

] 0,001 \_.l NS ¢} { EIJTSH 117\ oL

s L/

AN

d

v

‘onu \l

: Jl.

Q

—t

[ J103o0e3y

2 S——

}  pamaman

@ 2,08 : < NOI LVYN3IO03AAH
2 ; L00°S8 8E6°91 WO¥d
(-2

"T01S ETOTSH

INV1d ANVIIS
0l iy

o Gr
ZTJ¥S%H

wil L

Juay jusp

m 2,09 Dot 6

ay
CHKD. BY



18

FIGUR!

UNION CARBIDE CORPORATION

SISTERSVILLE PLANT
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CONCLUS1ONS

The kinetics of the vapor phase redistribution of
trichlorosilane indicate that there is no advantage to vapor phase
versus liquid phase contact. Although the vapor phase reaction
rate is higher than the liquid phase rate, the difference does
not overcome the difference in reactant dens:ty. The liquid phase
reaction system has a higher mass throughput capability.

The storage ~f silane as either an in-plant buffer or
for packaging in containers suitable for inter-state shipment can
possibly be improved through the use of activated carbon in the
storage containers. 1Increased volumetric efficiency and increased
safety at lower storage pressure is possible by completely filling
the storage container with granulated activated carbon and absorption
of silane on the carbon.

The mini-plant for producing up to 10 1lb/day of SiH,1s
nearing construction completion. This unit should demonstrate the
economic and product quality potential of the chlorosilane redis-

tribution process.
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PROJECTED FIFTH QUARTER ACTIVITIES

The silane from dichlorosilane mini-plant will be brought

on-stream to produce ten pounds SiH, per day.

The preliminary planning and design of a maxi-plant to
prepare SiH., from HSiCl; will be completed.

Additional fundamental studies on the redistribution
reaction mechanism will be carried out.

Pending contractual agreement, a reactor to study the
hydrogenation of SiCl, to HSiCl, will be designed and
constructed

PROGRAM STATUS UPDATE

Updated versions of the approved program plan and labor
and cost summaries are shown in Figures 19, 20 and 21.
The "initial operation" of the mini-plant is about nine
week behind schedule due mainly to delays in delivery
of major equipment iteas.

NEW TECHNOLOGY

No new technology is presented in this report which has
been developed under the scope of Contract 954334,
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YEAR
MONTH OF YEAR
MONTH OF CONTRACT

1.PRODUCTION OF SiH4
A.Mini-Plant

1.Preliminary Planning
2.Preliminary Design

3.51te Prep and Order Equipment
4.7inal Design

S.Installacion

6.Initial Operation
7.1ntegration With OP 11l

B.Maxi-Plant

1.Preliminary Planning
2.Initial Decision For Maxi
3.0rder Long Delivery Items
¢! breliminary Design
5.Final Decision For Maxi
6.Site Preparation

7.Final Design
8.Installation

9,Initial Operation
10.Integration.With OP II

C.Process Studies

1l.Determine Keaction Parameters
2.Evaluate Purification Methods
3.Evaluate Storage Methods
4.Energy and Mass Balance
5.Kinetics Studies

6.Process Evaluation

7 .Process Cost Estimation

II.DICHLOROSILANE SYNTHESIS
A.Direct Synthesis Plant
1.Preliminary Planning
2.Preliminary Design
3.0rder Equipment

4,51ite Preparation

5.Final Design
6.Installation

7.Initial Operation

B.Integration With Mini-Plant

Figure 19
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FIGURE 20
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FIGURE 21

UNIOW CARBIDE CORPORATION

SISTERSVILLE PLANT
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